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128a Sunday, February 8, 2015are complex and may differ among tissue-specific isoforms nevertheless,
mechanistic understanding of the molecular regulation of the channel is begin-
ning to emerge. We and others have demonstrated the importance of the
carboxyl terminus (CT) in the regulation of the channel. The CT is a hot
spot for mutations that produce inherited cardiac arrhythmias, myotonias, ep-
ilepsy and autism. In the case of NaV1.5, the cardiac channel, mutations of
critical structural motifs in the CT (including an EF hand-like motif and an
IQ motif) result in disease conditions such as Brugada and LQT syndromes.
Also, altered NaV channel trafficking and function with consequent intracel-
lular Naþ overload contributes to the development of dilated cardiomyopathy.
The structure of the CT of the Nav1.5 channel in complex with calmodulin
(CaM), determined to 2.9 A˚ resolution, shows that many of the mutations
associated with disease states occur at CTNav1.5-CaM interfaces. Based on
this structure a mechanism for the transition to the non-inactivated state of
the channel is proposed.
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Delivering custom-shaped signaling inputs to dissect biological networks has
been a coveted goal of engineering-minded biologists, keenly aware of the ad-
vantages of analyzing electronic circuitry with a signal generator. We have
recently devised a rapamycin-based chemical-dimerization strategy to produce
step-like increases in the concentration of calmodulin (CaM) at the cytoplasmic
mouth of L-type Ca2þ channels. This tactic revealed that CaM binding to chan-
nels induces two effects: a large increase in peak open probability (PO), and the
ability to undergo Ca2þ-dependent inactivation (CDI) (Adams et al (2014)Cell,
in press). Yet, the rapamycin system is comparatively slow (trise-half ~30 s) and
irreversible. Here we explore the use of a light-based dimerization system from
Arabidopsis (CRY2 and CIB1, Kennedy et al (2010)) to deliver CaM more
rapidly and reversibly upon activation by blue light. To evaluate functionality
with Ca2þ channels, HEK293 cells expressing Ltype Cav1.3 channels were en-
dowed with CIB1 targeted to the membrane and CRY2 glycine linked to a
dominant-negative CaM1234, where mutations eliminate Ca
2þ binding and pre-
sumably render this construct a constitutive apoCaM. On dimerization with
blue light, CDI was indeed attenuated, confirming functionality with Ca2þ
channels. More telling, blue-light exposure left peak currents unchanged,
arguing that CaM1234 in fact acts just like apoCaM. Next, we expressed a
variant of Cav1.3 (MQDY) with diminished apoCaM binding at baseline, and
changed the CIB1 payload to wild-type CaM. Reassuringly, blue-light expo-
sure increased both peak current and CDI by ~20% (5/6 responding cells),
consistent with enhanced MQDY binding to CaM upon blue-light recruitment.
Intriguingly, full enhancement occured in the very first current evoked after
blue-light illumination (<20 s); CaM exchange with these channels thereby oc-
curs on an even faster timescale. In all, light-based recruitment promises a
powerful tool for investigating CaM modulation of membrane proteins.
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Loading of pegylated cholesterol (PEG-cholesterol) by pretreatment of
several hours decreases current density and augments voltage-dependent
inactivation of L-type Ca channel current (ICa,L) and depletion of cholesterol
by similar long pretreatment with methyl-beta-cyclodextrin (MbCD) in-
creases the ICa,L density in A7r5 aortic smooth muscle cells. On the other
hand, dehydroepiandrosterone (DHEA), a cholesterol-derived steroid hor-
mone, rapidly induces voltage-dependent inhibition of ICa,L. If endocytosis
and exocytosis of CaV1.2-containing membrane vesicles are involved in these
modulations, they should induce a change in membrane capacitance (Cm).
Cm could be affected also by a change of thickness and dielectric constant
of lipid bilayer. Here we studied acute effects of PEG-cholesterol, MbCD
and DHEA on Cm of isolated bovine coronary artery smooth muscle cells
by whole-cell patch clamp technique. Ramp steps of 5 or 10 ms were applied
repetitively before, during and after application of the modulators. Control
Cm was 18.354.5 pF (mean5SD.). PEG-cholesterol and MbCD induced
gradual and small decrease of Cm and their washout decelerated the rate of
the decrease. Cm after 10 min of wash-in normalized by the initial value
was: control without modulator, 1.0150.02 (mean5SD.); 1 mM PEG-
cholesterol, 0.9650.02 (p<0.01, compared with control); 10 mM MbCD,
0.9050.05 (p<0.0001); 0.1 mM DHEA, 1.0050.03. Since the changeof Cm is small, it little affects qualitative conclusion of the modulation
of ICa,L density obtained by the pretreatment experiments with PEG-
cholesterol and MbCD. The small but significant decrease of Cm reflects
structural changes of the lipid bilayer which may be involved in the modula-
tion of ICa,L by PEG-cholesterol and MbCD.
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We have found that, in cultured hippocampal neurons, NMDA receptors
(NMDAR) inhibit voltage-gated L-type Ca2þ channels through Ca2þ release
from the endoplasmic reticulum (ER) and subsequent engagement of STIM1
with L channels. Here we employed laser spot photo-uncaging of glutamate
near single dendritic spines combined with fluorescence Ca2þ imaging to inves-
tigate the relationships between stimulus frequency (glutamate uncaging) and
Ca2þ release from the ER. Measurements of cytosolic Ca2þ were made
with the genetically-encoded Ca2þ indicator, RGECO1, and simultaneously,
measurements of [Ca2þ]ER made with a genetically-encoded Ca
2þ indicator
targeted to the ER, D1ER. Using a laser pulse duration of 2 ms to photo-
uncage glutamate near a single spine, simultaneous measurements of Ca2þcyto
and [Ca2þ]ER revealed that stimulation at 1 second intervals (1 Hz) for 60 sec-
onds triggered a rapid rise in Ca2þcyto followed by release of Ca
2þ from the ER.
Spine stimulation at 6 second intervals (0.167 Hz) for 60 seconds elicited a
large cytosolic Ca2þ transient, but no significant Ca2þ release from ER stores.
At various stimulus frequencies, pharmacological analysis using the L-type
Ca2þ channel blocker, nimodipine, uncovered a direct correlation between
the magnitude of the nimodipine-sensitive, L-channel Ca2þ transient and
Ca2þ release from the ER. Together, these results suggest that even though
the lowest frequency stimulation is capable of generating a cytosolic Ca2þ
signal, the NMDAR Ca2þ signal must contain the necessary details to activate
L-channels by membrane depolarization and integrate with the L-channel Ca2þ
signal to regulate Ca2þ-induced Ca2þ release in a single dendritic spine. If this
frequency dependence holds true for the activation of STIM1 to regulate L-
channel, this work will have important implication in how we think about chan-
nel regulation.
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Upon engagement of the T cell receptor, InsP3 is produced, triggering
the release of Ca2þ from ER Ca2þ stores. The resulting ER Ca2þ store
depletion is sensed by STIM1, which relocalizes to ER-plasma membrane
junctions to activate Ca2þ channels and inhibit Plasma Membrane Ca2þ/
ATPase (PMCA)-mediated Ca2þ extrusion, thereby enabling sustained in-
creases in cytosolic Ca2þ that drive the process of T cell activation. Partner
of STIM1 (POST) is a recently identified STIM1 adaptor protein with mul-
tiple binding partners, including STIM1, PMCA and several other trans-
porters, pumps and exchangers. POST is a multi-pass transmembrane
protein found in the ER and PM predicted to have 10 transmembrane
domains. To assess this predicted topology, we used fluorescence protease
protection assays, finding that POST is actually a 9 transmembrane-
containing protein with a cytosolic N-terminus and a luminal/extracellular
C-terminus. To assess the dynamics of STIM1/POST-mediated control of
PMCA activity, we utilized colocalization and FRET. Upon T cell activa-
tion, POST migrated and co-localized with both STIM1 and PMCA4 to the
immunological synapse. Interestingly, FRET between POST and both pro-
teins was observed, yet FRET between STIM1 and PMCA4 could not be
detected. Finally, POST knockdown inhibited activation-dependent inhibi-
tion of PMCA4-mediated Ca2þ clearance. These studies provide new
insight into the topology and dynamics of POST/STIM1/PMCA4 interac-
tions during T cell activation. Given its numerous targets, further investi-
gations into POST function may reveal additional roles for POST in the T
cell activation process.
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The Sigma1 receptor is an ER chaperone protein targeted to mitochondrial
associated ER membrane regions (MAMs). An increase in its expression
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action, promoting cell proliferation and inhibiting the apoptotic response to
tumor suppressor genes such as p53 and Bax. Although its mechanism of
action remains unclear, there is evidence to suggest that Sigma1R regulates
inter-organelle Ca2þ signaling thereby controlling cellular bioenergetics,
and is also a regulator of plasma membrane ion channels. We have investi-
gated its role in the regulation of store operated Ca2þ entry (SOCE) triggered
by ER Ca2þ store depletion. Increased expression of Sigma1R in HEK293
cells profoundly inhibited SOCE, whereas knockdown of endogenous Sig-
ma1R in CHO cells increased SOCE. An agonist at Sigma1R, SKF10047,
further inhibited SOCE whereas the antagonists, BD1047, relieved this
inhibition.
Co-immunoprecipitation experiments showed a novel interaction between Sig-
ma1R and STIM1 which is ligand dependent, SKF10047 promoted the interac-
tion and BD1047 reduced it. Total internal reflection fluorescence (TIRF)
microscopy showed the recruitment of Sigma1R to ER-plasma membrane junc-
tions was STIM1 dependent, whereas elevated Sigma1R expression slowed
STIM1 recruitment. Plasma membrane biotinylation experiments also showed
that STIM1 promoted Sigma1R recruitment to a surface complex while Sig-
ma1R reduced the levels of STIM1 in the complex. Increased expression of
STIM1 but not Orai1 partially rescued the inhibition of SOCE in cells over-
expressing Sigma1R. Imaging of purified plasma membrane Orai1 channels
complexes by atomic force microscopy (AFM) showed hexameric Orai1 deco-
rated by both Sigma1R and STIM1. Overall our results suggest that Sigma1R
inhibits SOCE in two ways; first, by binding STIM1 and reducing its recruit-
ment to surface Orai1 channels and second, by directly modulating the
STIM1-Orai1 complex.
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The Inactivation Domain of STIM1 (IDSTIM: aa 470-491) was described as
necessary for Ca2þ-dependent inactivation (CDI) of CRAC channels in three
early reports (Mullins et al. 2009, Derler et al. 2009, Lee et al. 2009). We re-
visited the role of IDSTIM in light of the observation that STIM1:Orai1 ratio
is a critical determinant of CDI (Scrimgeour et al. 2009, Hoover et al. 2011).
We measured CRAC currents activated by a truncated STIM1 (aa 1-469),
which lacks IDSTIM, in HEK cells transfected at higher STIM1:Orai1 ratios
than were used previously. We observed limited but significant inactivation
for STIM1(1-469) þ Orai1 under these conditions (~1/3 of the extent seen
with WT STIM1 þ Orai1). The inactivation supported by STIM1(1-469) was
sensitive to extracellular [Ca2þ] and to intracellular BAPTA but not EGTA.
How does IDSTIM triple the extent of CDI?Wefirst considered the possibility that
IDSTIM increases local [Ca
2þ]. Open probability and single-channel conductance
determined by analysis of monovalent current noise were identical for STIM1(1-
469) and WT STIM1, arguing against a model in which IDSTIM enhances inacti-
vation indirectly by increasing local [Ca2þ] near the inner pore mouth.
We next looked for a functional interaction between IDSTIM and the Orai1 pore.
Like STIM1(1-469), the Orai1 inner pore mutation W76A also supported inac-
tivation to ~1/3 of the WT extent when studied at a high STIM1:Orai1 ratio.
While the mutations STIM1(1-469) and W76A reduced CDI to similar extents
when studied individually, no additional reduction of inactivation was seen
when STIM1(1-469) was co-expressed with Orai1 W76A. Together, these
data suggest that IDSTIM and Orai1 residue W76 act in concert to boost CDI
to a maximal level for a given local [Ca2þ].
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Calcium flux through store operated calcium entry (SOCE) is a major regulator
of intracellular calcium homeostasis and various calcium signaling pathways.
The two key components of the store operated calcium release activated cal-
cium (CRAC) channel are the Ca2þ sensing protein stromal interaction mole-
cule 1 (STIM1) and the channel pore forming protein Orai1. Following
calcium depletion from the endoplasmic reticulum, STIM1 undergoes a series
of conformational changes which unmask a minimal Orai1 activating domain
called CAD. CAD binds to two sites in Orai1, one in the N’ terminus and
one in the C’ terminus. The energetic coupling of binding of the STIM1 ligand
to opening of the channel pore is poorly understood. In this study we show thatboth N’ and C’ terminal domains of Orai1 synergistically contribute to interac-
tion with CAD to allosterically couple STIM1 binding with channel gating and
modulation of ion selectivity.
645-Pos Board B425
Clustering of Inward Rectifier Potassium Channels in a PIP2-Containing
Membrane: A Molecular Dynamics Simulation Study
Anna L. Duncan, Heidi Koldsø, Mark S.P. Sansom.
Department of Biochemistry, University of Oxford, Oxford, United
Kingdom.
Inward rectifying potassium (Kir) channels are activated by PIP2, an anionic
phospholipid in the plasma membrane. The channel proteins have been shown
to possess PIP2 binding sites
1,2 located at the bilayer/water interface. Further-
more, Kir2.1 forms clusters in vitro in the presence of PSD-95, a membrane-
associated protein3. However, little is known regarding Kir channel clustering
in vivo, nor the possible effect that PIP2 interactions will have on clustering and,
more generally, on behaviour of Kir channels in the context of the complex,
crowded plasma membrane.
Previous molecular dynamics simulations show that simple membrane proteins
induce formation of lipid nanodomains4,5, and that protein crowding in simple
membranes affects protein and lipid diffusion rates6,7. But the effect of crowd-
ing and complexity on more sophisticated membrane proteins remains to be
explored using such approaches.
Now, with methodological developments that allow us to create models of
complex, asymmetric bilayers8, and with ever-increasing computational power,
we have the tools to study such systems in molecular detail and at biologically
relevant time and length scales.
In order to explore clustering of Kir2.2 channels, and the interplay with Kir2.2
– PIP2 interactions, we have performed simulations that include over 100
copies of Kir2.2 embedded in a PIP2-containing model of the plasma mem-
brane. Analysis shows formation of protein clusters consistent with experi-
mental data, and we can now further characterise these clusters. Also evident
is clustering of PIP2 around Kir2.2 into lipid nanodomains.
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Kþ channels exist in virtually all living organisms and play fundamental bio-
logical roles by conducting Kþ ions in a rapid and selective way. Previous
models proposed that Kþ ions and water molecules alternately occupy four
binding sites of the selectivity filter and permeate collectively when the channel
is open and activated. However, our latest computational electrophysiology
molecular dynamics simulations [1] indicate that this model can not yield
measurable conductance under physiologically relevant transmembrane poten-
tial. Instead, the rapid ion permeation only occurs when there are no water mol-
ecules in the selectivity filter and Kþ ions form direct contacts. This has been
further confirmed by Brownian dynamics simulations in a simplified model. A
revisit to the previous X-ray crystallography data has validated the direct con-
tacts of Kþ ions in the selectivity filter, which is in good agreement with clas-
sical and QM/MM molecular dynamics simulations. Therefore, we propose a
direct Column knock-on mechanism that can account for the high ion conduc-
tance of Kþ channels.
[1] C. Kutzner et al., Biophys. J. 101, 809-817 (2011).
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